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ABSTRACT 
Several researchers have suggested that during 
the total hip replacement operation, the bone may be 
exposed to temperatures high enough to cause irreversible 
tissue damage, leading to inadequate performance or fail- 
ure of the prosthesis due to loosening. 
An in-vitro apparatus is described which simulates 
conditions in the acetabulum during the Charnley-Mu'l1er 
type low friction arthroplasty procedure, providing a 
direct measurement of the temperature history of the sur- 
face of the bone. 
The material used in the part of the apparatus re- 
presenting the hip should have the same value of thermal 
diffusivity as cancellous bone.  Although this value  is 
not available in the literature, it was determined by an 
analysis of bone as a composite material to be 1.3 to 
1.5 X 10"  cm2/sec. 
Low density polyethylene, with a thermal diffusivity 
_3    2 
of 1.58 X 10  cm /sec. was used in this application. 
The cement viscosity, as measured by the time re- 
quired for a fixed amount of penetration into the cement 
mass by a needle under constant load, was kept constant 
throughout  the  experimental runs. 
Cement was cured in the experimental apparatus under 
different combinations of the relative geometry between the 
1- 
prosthetic cup and the acetabular shell, and under different 
loads applied to the cup; simulating various conditons 
which might be found during the actual hip joint operation. 
Data from these experiments indicate that the temper- 
ature at the bone-cement interface is linearly dependent 
on local cement thickness and that variables such as 
viscosity, pressure and load, age of cement and geometry, 
are accounted for through the local cement thickness. 
The possibility of thermal necrosis resulting from 
the temperature-time history at the cement-bone interface 
was investigated.  A cumulative damage effect was implied 
by a phenomonological time-temperature plot of Henriques 
and Moritz.  It was shown that 46% of the runs exhibited 
a necrotic time-temperature behavior, and that this usually 
occurred when the local cement thickness was in excess of 
5 mm. 
The optimal viscosity for flow of bone cement into 
small holes in the acetabular shell was investigated. 
Flow into holes the size of cancellous interstices was 
only enhanced when the cement was very non-viscous 
(at the point at which it could first be gathered up). 
-2- 
INTRODUCTION 
Joint replacement has been attempted as early as 1890 
when Gluck  used ivory for reconstruction of the temporo- 
mandibular joint.  Gluck's pioneering contribution is two- 
fold in that he later suggested that a grouting agent com- 
posed of colophony, pumice powder and plaster of paris be 
used for fixation of prostheses to bone. 
Precursors of the currently popular and successful 
Charnley - Muller design of low friction hip arthroplasty 
components appeared nearly forty years ago.  In 1938, 
2 
Wiles  implanted stainless steel components, fixed by 
screws, in both the acetabulum and the femur.  Screw 
mounting, although acceptable for the fixation of many 
types of appliances to bone, proved inadequate in with- 
standing the high cyclic stresses developed at the hip 
during human locomotion. 
During the 1940's, many femoral head prostheses of the 
metallic (Austin Moore [2]) or acrylic (Judet [3]) types 
were implanted.  These devices were articulated with the 
1 Gluck, T.:  Referat uber die durch das moderne chirugische 
Experiment gewonnen positiven Resultate, betreffend die 
Naht und den Ersatz von Defecten Hoherer Gewebe, so wie 
uber die Verwerthung resorbirbarer und lebendiger Tampons 
in der Chirugie, Arch. Klin. Chir. 41:  87, 1891, cited by 
Stinchfield et. al. [1] 
2,,. Wiles, P.W.:  Surgery of the Steoarthritic Hip, Brit.J.Surg 
45:  488, 1957-1958, ibid. 
existing acetabular  cartilage,  While these devices en- 
joyed some degree of success, wear and other problems 
limited their application.  Over a period of time, the 
motion of the hard metallic implant wore down the acetabu- 
lar surface and eventually damaged the underlying bone, 
leading to complete failure of the joint.  In addition to 
this problem of medial migration or protrusio, attachment 
of the prosthesis to the bone was still unreliable and be- 
came a common cause of post-operative failure. 
Contrasting the bone degradation associated with a 
metal-on-bone bearing, the acrylic Judet femoral head 
replacement was itself the site of excessive wear (Amstutz 
and Gruen [4] and personal observation). 
E.J. Haboush in 1952 [5] took the innovative step of 
securing a vitallium hip prosthesis to the acetabulum and 
to the reshaped head and neck of the femur with a fast 
setting dental acrylic; a procedure which, with some 
refinement, is the basis of current successful technique. 
At this time,  McKee [6] introduced a two component, 
all-metal prosthesis with screw fixation to the bone 
which is used currently in a modified form based on 
cement anchoring.  The  McKee prosthesis was an improve- 
ment over previous designs, but still had shortcomings due 
to firction and wear of the all-metal sliding bearing sur- 
faces and to loosening of the appliance at its attachment 
to the bone.  High torque on the components, especially at 
the beginning of weight bearing motion created shearing 
stresses at the bone-cement interface which were large 
enough to break down the mechanical interlocking between 
bone and cement, eventually leading to the loosening of the 
prosthetic components in as many as 9% of the reported 
cases [7]. 
In 1958, John Charnley [8] introduced his "low fric- 
tion arthroplasty" procedure which attempted to eliminate 
the shortcomings of the all metal appliances by use of a 
low friction material for the acetabular component.  The 
first material used in this application was Teflon which, 
while possessing the requisite low friction characteristics 
and showing no evidence of toxicity in its bulk state, was 
subject to a high wear rate and created wear debris of a 
size and shape not well tolerated by the body. 
A suitable substitute for teflon was found to be 
ultra-high density polyethylene which is histologically 
inert, has a low coefficient of friction, exhibits a low 
rate of wear and cold flow, and provides a measure of im- 
pact cushioni ng . 
The Charnley procedure has become essentially the 
state of the art in total hip replacement, and has increas- 
ingly become the procedure of choice for many joint dys- 
functions including:  rheumatoid arthritis, osteoarthritis , 
-5- 
congenital displasia, arthrokatadysis, Paget's disease, 
avascular necrosis of the femoral head or severe fracture 
of the femoral head with dislocation, ankylosing spondyli- 
tis, the repair of previously failed arthroplasties, and 
increasingly for conditions in younger patients such as 
polioarthri ti s . 
Despite advances made in materials technology and 
operative technique, the Charnley total hip replacement 
is still subject to loosening.  Most reports [7, 8, 9, 10] 
show a very low failure rate due to asceptic causes, often 
0%   to 2%, however in view of the increasing number of hip 
procedures attempted each year, additional research into 
the causes of loosening are clearly needed. 
OPERATIVE PROCEDURE 
The operative technique pertinent to this study begins 
with dislocation and exposure of the joint, followed by the 
osteotomization of the greater trochanter and resection of 
the head of the femur.  The description of the following 
steps is largely taken from Amstutz and Gruen [4] and is 
considered to be representative of the procedures used by 
most surgeons.  Figure 2 illustrates the placement of com- 
ponents involved in this operation. 
A pilot hole is drilled in the exposed acetabulum to 
define its center and to act as a guide in later steps. 
Cartilage lining the acetabulum is removed with a hemis- 
pherically shaped reamer and the underlying bone is shaped 
to accomodate the acetabular cup component.  Removal of 
this cartilage has been shown by Andersson et al. [9] to 
be an essential step towards adequately anchoring the pro- 
thesis.  This is due to the nature of the cement-bone 
attachment.  Acrylic bone cement is not an adhesive and 
shows no adhesive action with metal, polyethylene or bone. 
The strength of the joint depends on the degree of mechan- 
ical interlocking of cement into the crevices of the bone. 
When the rugosities of the cancellous bone are exposed by 
the reaming process, cement may then, under the proper 
application conditions, work into the bone interstices 
creating the desired interlocking. 
It is stressed that a stable interlocking is sought, 
because if bone reabsorbtion due to sepsis, chemical or 
thermal trauma and stress is to take place after the cement 
has set, the foundation of the bond is removed and loosen- 
ing is the probable result. 
The surgeon may, at this stage of the operation, elect 
to drill anchoring holes in the ilium, ischium, and possibly 
the pubi s. 
Vent holes may also be drilled to allow blood and air 
to escape with the intent of minimizing back pressure as an 
impediment to the flow of cement. 
It is noted that the prepared acetabulum will inevita- 
bly have fluid in it - either blood or irrigation fluid. 
With the hip thus prepared, the surgeon or an assis- 
tant begins mixing cement.  The contents of a packet of 
powder is put in a stainless steel bowl and the full quan- 
tity of monomer in the ampule is added all at once to the 
powder.  Mixing begins using, as Charnley suggests, an 
ordinary "dessert" spoon, although teflon-coated utensils 
are now being used to prevent the formation of metal slivers 
The stirring process is periodically stopped and the 
spoon pulled from the mixture to see if "hairs" of polymer 
will form as the cement mass separates.  The appearance of 
these hairs signals the near completion of the stirring 
process.  When the curing cement mass may be probed by a 
-8- 
surgically gloved finger and withdrawn without the cement 
sticking, stirring is complete.  The cement is then gather- 
ed up from the bowl and kneaded until the surgeon deems it 
fit for insertion.  The ball of cement is placed in the pre- 
pared socket and "thumbed in" to a preferred shape with 
care taken to fill the anchoring holes, if present, as 
fully as possible.  Insertion of the acetabular cup 
follows.  A special application appliance is used to press 
the cup down into the cement and maintain pressure until 
the cement becomes rubbery.  At this point, Charnley 
recommends that a "coining" technique be used in which 
the applicator is struck sharply with a hammer once or 
twice to encourage flow of the doughy mass into the can- 
cel 1ous voi ds . 
A similar sequence of preparatory steps:  drilling, 
rasping and filling with cement is performed on the 
medulliary cavity of the proximal femur.  The pressure 
required to force cement into the femoral cancellous bone 
is provided by a wedge effect when the tapered stem of the 
femoral prosthetic component is thrust into the cement- 
filled cavity.  The two prosthetic components are placed in 
contact, tested and closing proceeds. 
■9- 
BONE   CEMENT 
Poly Methyl   Methacrylate   (PMMA)   bone   cement   is   of  the 
same   chemical   family  as   the   familiar   commercial   products 
"Plexiglas"   and   "Lucite".      It   is   a  member  of  the   "ethylenic" 
class   of  polymers;   materials   in  which   very   long   chainlike 
molecules,   "polymers",   are   formed   by   linking   together 
ethylene  or  ethylene-1ike  molecules   (monomer  units   or 
"mers"): 
HH HH HHHH 
11 11 1111 
C   =   C+ C   =   C +...-»■ C-C-C-C... 
11 11 1111 
HH HH HHHH 
(2) ethylene monomers        polyethylene polymer 
The linking process may continue under the proper 
conditions until a single polymer chain consists of 
millions of monomer units. 
The packing arrangement of the polymer molecules may 
be more or less ordered, termed respectively "low" and 
"high density" polyethylene. 
A sub-class of the ethylenic polymers known as 
the "acrylics" are based on acrylic acid: 
H   H 
1   1 
C=C acrylicacid 
1   1 
H  COOH 
-10- 
which is a modification of ethylene in which a carboxyl 
group (COOH) replaces one of the ethylenic hydrogens.  A 
methyl methacrylate mer is the result of two further modif- 
ications of acrylic acid, the substitution of a methyl 
group for one hydrogen: 
H  CH„ 
1 1 
C = C 
1 1 
H COOH 
methacrylic acid 
and the esterification of the carboxyl group 
H  CH3 
1   1 
C = C 
1 1 
H  COOCH. 
methyl methacrylate (MMA) 
The polymerization reaction begins when the double 
bond existing between the interior carbon atoms is broken; 
a process known as "initiation".  At room temperature, this 
reaction may spontaneously proceed at a \/ery   low rate, re- 
ducing shelf life of the monomer.  An inhibitor substance, 
called a "stabilizer", such as hydroquinone is added to 
prevent such low temperature reactions. 
Acrylic polymerization may be accelerated by the 
application of heat and pressure as is done in the manu- 
facture of commerical acrylics such as Plexiglas, indeed, 
-11- 
the first acrylics used in dentistry employed heat initia- 
tion.  In hip replacement surgery, the size, shape and 
strength of the acetabular cavity prohibits the use of 
elevated temperatures and pressures to accelerate the re- 
action, but it is important to note that pressure and tem- 
perature do affect the reaction rate, and a reliable model 
of in-vitro cement curing processes must pay heed to the 
pressure-temperature environment.  Bayne et. al. [11] 
have considered the effect of curing pressure on the subse- 
quent mechanical properties of bone cement.  Unfortunately, 
the pressure used in that study, 27.6 Mpa., is two orders 
of magnitude greater than that developed in current hip 
3 
replacement techniques .  One aspect of the current study 
is to determine whether pressure as developed in the opera- 
tive situation during the curing of cement has any effect 
on peak surface temperature. 
A short-lived entity termed a "free radical", a 
primary intermediate in the decomposition of peroxide, can 
also initiate the polymerization reaction.  It is this 
chemical means of initiation that is used in acrylic bone 
cement. 
3Lee and Ling [12] report 0.034 Mpa; Jacobs and Ray [13] 
cite 0.138 as maximum pressure with thumb application 
1 2- 
Polymer chain growth ends when the reaction site or 
"active center" encounters another free radical, loses the 
active center by the transfer of a hydrogen atom, or reacts 
with a "retarder" molecule which also supresses transfer 
of the free radi cal . 
Polymers initiated by the free radical mechanism have 
been termed "snap cure" or "cold curing", the latter term 
4 
actually a misnomer since considerable heat  is evolved 
during the reaction.  Such lables are only meant to imply 
that heat was not used as an initiator. 
Fast curing resins were developed in Germany during 
World War II to replace scarce dental filling materials. 
An offshoot of one of these original materials is Surgical 
Simplex P  bone cement, the material used in this study. 
The powder portion of Simplex P contains polymethyl 
methacrylate (15% w/w) as a milled flour, small spheres of 
a methyl methacrylate-styrene copolymer (75% w/w), and 
barium sulfate (10% w/w) added for radiopacity.  These 
percentages are the manufacturer's published values and 
may vary slightly , for example, Haas et. al [15]  refer 
De Wijn [14] indicates that 12 K cal/mole is the amount 
of heat released. 
'Manufactured by North Hill Plastics, Ltd. 40 Grayland Rd. 
London, W16 England.  Distributed in the U.S. by How Medica 
Inc., Rutherford, New Jersey 07070. 
By law, the manufacturer may vary certain "proprietary" 
components at will. This may result in different formu- 
lations from batch to batch. 
-13- 
to a 2%  benzoyl peroxide initiator content.  The liquid 
component is mostly MMA monomer (97.4% v/v) with N,N-di 
methyl-para-toluidine (DMPT, 2.6% v/v) included as an 
accelerator, and hydroquinone (75 - 15 PPM.) which acts as 
a stabilizer. 
Sterilization of the powder is accomplished by ex- 
posure to gamma radiation; the monomer is sterilized by 
passage through a microporous filter. 
When the liquid component makes contact with the powder, 
the powder's peroxide initiator is activated by the DMPT 
accelerator contained in the monomer and the polymerication 
reaction begins.   The final product is a two phase par- 
ticulate composite of copolymer beads in a PMMA matrix of 
rather low molecular weight (453 weight average, Bayne et. 
al [11]). 
14 
Thermal Trauma 
Researchers have investigated several suspected sources 
of the bone necrosis which clinicians have observed in many 
cases of asceptic failures of hip prostheses. 
One approach makes the assumption that some chemical 
agent, activated MMA or the accelerator for example, is 
responsible at least in part for adverse histological re^ 
sponse.  Although Willert & French [16] detected MMA in 
peak amounts of 1.26 mg./lOO ul. in the central venous 
system, 2.6 weight % in fat, and 0.94 weight % in bone 
marrow shortly after insertion of the cement, most research- 
ers [4, 7, 8, 17, 18, 19] concur that chemical toxicity is 
not the principle cause of long term degradation of the 
joint. 
Another line of inquiry into the cause of prosthetic 
loosening postulates that the temperature reached at the 
bone-cement interface during arthroplasty is high enough 
to cause irreversible changes in bone tissue adjoining the 
cement.  The bone is incapable of regeneration and is re- 
placed by a weaker tissue which may not be able to firmly 
secure the prosthesis.  The problem of ascertaining the 
exact cause of these changes is by no means resolved, and 
is complicated in part by the similarity of response of 
bone tissue to mechanical, chemical or heat trauma.  The 
■15- 
observed responses indued:  osteoporosis, irregular ossifi- 
cation, necrosis with sequestration, periostial and new bone 
formation, diaphyseal exostoses, and fibrulization of the 
volume directly underlying the prosthesis. 
Thermal tissue damage has a strong time-temperature 
dependence, as discussed in the report of Lundskog [20]. 
This relationship is illustrated in graphical form in 
figure  3 .  This time-temperature threshold for thermal 
damage is being used in the current study despite two 
drawbacks.  First, the threshold cited reflects the heat 
susceptibility of epidermal tissue and not of bone.  Data 
of this type specifically for bone is not available.  The 
second drawback is that no clear relation exists between 
thermal damage and the ability of bone to secure a prosthe- 
sis.  Lundskog reports that scalds press-fitted into the 
bones of different experimental animals and heated in the 
same way may exhibit a wide variation in pullout resistance; 
some are firmly fixed whereas others offer essentially no 
resistance to pullout.  When a temperature reached in the 
present study lasts longer than the critical time as de- 
fined by figure  3, no implication is made that a 
After Moritz and Henriques [21] 1947. Figure 13 is based on 
experiments in which epidermal porcine tissue samples were 
subjected to constant elevated temperatures.  The time of 
exposure at a given constant temperature which resulted in 
a microscopically visible layer of tissue in which regener- 
ation would not take place 24 to 48 hours after thermal ex- 
posure was considered a "threshold" time-temperature com- 
bination and represents one point on their curve. 
-16- 
prosthesis will necessarily fail, rather the indication 
is that some level of detrimental tissue reaction may have 
occured. 
17 
SELECTION OF MATERIAL TO MODEL THE HIP 
As the bone cement polymerizes in the hip replacement 
operation, the heat generated is carried away over three 
separate paths as illustrated in Figure 4.  To model this 
process in-vitro requires that the initial conditions, 
geometry and thermal properties of the materials along 
each of the three flow paths duplicate htose of the in- 
vivo situation.  Heat flow into the acetabular cup, Q3, and 
free convection heat flow to the air, Q2» occur under 
conditions duplicating those during the operation.  It 
remains to find a material which accurately reproduces 
the thermal properties of the hip bone, through which Q-,, 
f1ows. 
Heat transfer into the hip bone up to the time of 
the temperature peak, Tm=„ can be approximated by a sine max 
wave temperature distribution impressed on a flat, semi- 
infinite surface.  The time dependent temperature dis- 
tribution in the hip bone at a distance, x beneath the sur- 
face is given by Holman [22] as: 
T(x, T) = Te-x/717^  sin(2irNt - x/^N7S) + Tmp3n(1) m mean 
where 
T = Maximum surface temperature 
m
r 
x = Distance below bone surface 
N = Frequency of temperature input wave cycles/unit 
time 
a = Thermal diffusivity 
T
mQ„„
=
 Mean surface temperature 
mean
-18- 
It can be seen that duplication of the time depen- 
dent in-vivo temperature behavior requires that the material 
representing bone in the in-vitro model have the same 
value of thermal diffusivity, a, as does bone. 
Thermal diffusivity data for cancellous bone are not 
available in the literature, indeed, Cooper and Trezek [23] 
referring to Chatos [24] survey have remarked on "...the 
paucity of thermal property data, especially for human 
tissue". 
Thermal diffusivity for a material may also be calcula- 
ted according to the definition: 
a = k/Pcp 
where:  k = thermal conductivity 
p = d e n s i ty 
c  = heat capacity at constant 
P  pressure 
Although values of k, p and c do not appear in the 
literature, a reliable value of a  is still not assured. 
Reproducible measurements of the mechanical properties 
of biological materials are difficult to obtain since 
measurement technique, tissue freshness and specimen 
variability have a strong influence on "process measured" 
factors such as k and c .  The wide range of values for 
these properties cited by different researchers is apparent 
from tables 2 and 3.  The determination of bone density, 
by contrast, involves only weighing and immersion of samples 
-19- 
Table 1 indicates that density values exhibit much less 
variation than do conductivity or heat capacity. 
In order to improve the accuracy of the calculated 
value of thermal diffusivity for cancellous bone in the 
surgically prepared state and to provide a means of 
estimating the degree to which this parameter will be 
altered by pathological changes in the bone, an analysis 
of the bone as a composite material is now considered. 
Poppendiek [25] et. al. have proposed that the thermal 
conductivity and the density of biological tissues can be 
predicted from the  properties of the constituent chemical 
species by a "rule of mixtures" for two applicable models 
of tissue architecture.  The first tissue configuration 
assumes lamina with distinct properties positioned 
parallel to the direction of heat flow, in the second, 
the lamina are perpendicular to the heat flow (Figure 5). 
For thermal conductivity: 
parallel plates     kc = PEn(knwn )/Pn        (3a) 
perpendicular plates kc = l/[pZn(wn/knPn ) 1    (3b) 
density p = l/[zn»wn/pn] (4 ) 
where:   p = composite density 
+■ w 
p  = N  component density 
th 
th 
component weight fraction 
k  = N°" component thermal conduc- 
n
      tivity 
k  = composite thermal conductivity 
■20- 
Heat capacity for the bony composite is calculated 
from an analogous expression as given by Cooper and 
Trezek [23]: 
(5) c„ = 2„ w„ (c )„ p   n  n v p'n 
,th 
where:  (cD)n = N  component heat p
       capacity at constant 
pressure 
w  = N  component weight fraction 
For this composite analysis, the weight fractions, 
wn, densities, p , thermal conductivities, k , and heat 
capacities, (cD)  of the materials making up bone must 
be accurately known.  Fortunately, the determination of 
these data does not involve the difficulties inherent 
in the measurement of live tissue (except for measure- 
ments of protein) and wel1-confirmed values are available. 
The composition of cancellous bone has been deter- 
mined by serial reduction to be comprised mainly of water, 
mineral in the form of calcium hydroxyapetite, an organic 
matrix 90 to 95% of which is collagen or collagen-like 
substance, and a trace of fat. 
The mass fraction of mineral, often referred to as 
"per-cent ash" of hydrated bone is given by Mueller et al 
o 
[26]  as 53%, by Vogt and TjiJnsager (cited by Mueller et al 
in [26] as 58.3%, and by Sunderman [27] as 58%.  The 5% 
8 Mueller et al. do not specify mass or volume percent. 
Their results are consistent with the rest of their 
findings only for mass fraction. 
-21- 
difference in these data might reflect different drying 
temperatures used during the reduction, which may or 
may not remove the 15% "bound water" present in cancellous 
bone. 
For the organic fraction of hydrated bone, Mueller 
et.al.  give 31%, along with bound water. 
Mineral, organic and bound water make up the solid 
portion or hydrated fraction of cancellous bone.  The 
composite method of calculation makes use of eq. (5) and 
the density of hydrated bone.  The result, p = 1.896 
compares favorably with the values of Mueller et. al., 
1.860 to 1.960; and Arnold, 1.886 to 1.956. 
Density values for whole cancellous bone include 
the solid portion discussed above which comprises 15 to 
21% of the total bone weight [26, 28, 29], the remainder 
being water.  Substitution again into equation (5) with 
all the constituents gives a density value of 1.08 to 
1.10 which is in agreement with the figures in Table 1. 
Making use of equations 3a, 3b and 5 yields the 
fol1owi ng : 
k_ = 1.51 X 10" _^4-;„o„ for plates parallel to heat 
cm .sec c f 1 ow 
_ o     -I 
kc = 1.33 X 10  r"'^v for plates perpendicular to 
cm-sec c 
c  = 0.973 to 0.931 
heat flow 
cal 
gm°c 
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and substitution of these values into equation (2) gives: 
a = 1.47 X 10  Mi for plates parallel to heat flow 
sec- 
_3    2 
a - 1.3 X 10  CJL-  for plates perpendicular to heat 
sec  flow 
The architecture of the bone near the surface of 
the prepared acetabulum more closely resembles the 
parallel rather than the perpendicular plate arrangement 
of Figure 5.  This means that the value of diffusivity as 
predicted by the composite analysis is approximately 
1.47 X 10"3 cm2 • 
sec. 
Any difference in the bone composition due, for 
example, to the conditon of osteoporosis in which there 
may be 1/3 to 1/2 or less the amount of bone tissue 
found in healthy bone; or osteomalacia, characterized 
by a low bone mineral content, would alter the bone's 
thermal diffusivity more toward that of water: 
3    9 1.44 X 10~  cm /sec. which is not much different from 
the caluclated value of bone diffusivity. 
An excellent material to model the hip is low 
density polyethylene with a thermal diffusivity of 1.57 
to 1.6 X 10"  cm2/sec. [47]. 
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Apparatus 
The reader is directed to figure 6 for a schema of 
the experimental apparatus.  A fremework of three verti- 
cal metal rods is held rigidly in place by a base and 
three wooden platforms.  The bottom platform has a circular 
hole in its  center to accommodate a two liter glass 
container to be used as a water bath.  A heating tape 
wrapped around the outside of this container keeps the 
O    i  .      o 
water temperature at a constant 37.0  C - 0.6C .  The 
bath is gently stirred by an immersed paddle which runs 
continuously during the testing.  Fixed to this lower plat- 
form is a support ring which holds the acetabular shell 
suspended in the water bath by four pins with locked screw 
mountings.  The pins have tapered heads to minimize any 
disturbance to the flow of heat through the shell and are 
fitted into countersunk holes 4 mm. deep, positioned at 
equal distances around the periphery of the acetabular 
shell.  Water is added to the bath until its level is 
just below the lip of the shell. 
Temperature is measured at the inside surface of the 
acetabular shell at the three locations indicated in 
figure 7 and at one location on the outside of the shell 
using type "J" Iron-Constantan thermocouples.  The inner 
surface of the shell in this apparatus corresponds to the 
bone-cement interface in the actual operative configuration 
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It is this surface which must be kept below the critical 
time-temperature threshold of physiological damage regard- 
less of temperatures  reached elsewhere in the curing cement 
mass.  When the system is at equilibrium, the outside thermo- 
couple serves as a bath temperature reference and gives an 
indication of the temperature rise of the outside of the 
shell during polymerization of the bone cement. 
Each individaul lead of the inner three thermocouples 
is routed through a separate, close-fitting hole in the 
polyethylene shell, which thereby serves as an insulating 
sleeve.  In this way, the temperature measured by the 
thermocouple is truly that occuring at the surface and 
does not reflect a thermal gradient through the shell to the 
last point of electrical contact of the wires. 
The thermocouples were fabricated using a method 
devised for this experiment to allow in-situ repair if a 
thermocouple was damaged as a result of mechanical loads 
imposed by the removal of bone cement samples from the shell 
This technique involved arc welding in air by means of a 
unique but easily constructed apparatus shown in figure 8 . 
A 5 or 10 cc. syringe, preferably of glass, alternately 
of the single dose plastic type is partially filled with 
mercury and fitted with a standard hypodermic needle.  The 
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gage or length of the needle is not critical, the author 
having found gages of 14 to 22 and lengths of 2.5 cm. to 
5.0 cm. acceptable.  Over the end of the needle is pressed 
a 5 to 10 mm. long piece of tightly fitting Teflon tubing. 
A small piece of Teflon wire insulation works very well 
in this application.  An insulated power lead is clipped 
to the exposed metal portion of the hypodermic needle. 
The iron and Constantan wires are pulled through their 
separate lead  holes and positioned so that their ends just 
overlap each other.  Another insulated power lead is clipped 
across both thermocouple wires as close as possible to the 
overlapped junction.  It was found that a hemostat used as 
a clip greatly facilitates positioning and holding the thermo^ 
couple leads and affords an excellent electrical connection. 
An A.C. potential of approximately nine volts is applied to 
the power leads by a Variac.  When a small bead of mercury 
informed at the end of the Teflon tube and brought near 
the crossed thermocouple leads, an arc results which welds 
the leads together.  The heat of this arc causes the mer- 
9 
cury bead to dissipate , thereby extinguishing the arc and 
preventing overheating of the thermocouple wires.  By 
proper selection of tube size and voltage, an excellent 
welded junction can be formed which will be continuous 
with the iron and Constantan leads.  The three thermocouples 
'it is advisable to position a 1 liter beaker below the 
welding site. 
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made in this way (denoted in figure 4 as numbers 1, 2 and 
3) rest in shallow grooves between the lead holes on the 
inside surface of the shell which prevent the thermocouples 
from protruding into the cement mass.  All remaining space 
in the grooves is filled with a silicone adhesive to pre- 
vent moisture and bone cement from intruding into the 
grooves and damaging or altering the thermocouples.  Lead 
hole^and the wire leads on the outside surface of the 
shell are also encased in silicone adhesive to minimize 
the corrosive and conductive effect of the bath water 
and to prevent water from seeping into the shell between 
tests.  Despite this precaution, four complete sets of 
thermocouples were required during these experiments as 
a result of corrosion of the leads. 
Each of the upper two platform levels has a central 
hole bridged by a plate one-half again as large as the hole 
diameter.  A circulating ball sleeve bearing is press-fitted 
into a central hole in each plate.  This arrangement of 
bearings is intended to allow a length of drill rod 
vertical motion with horizontal restraint.  Proper position- 
ing of the drill rod, hereafter referred to as the 
"applicator rod", is accomplished by affixing each plate 
to its platform with "C" clamps so that the center line of 
both bearings and that of the acetabular shell coincide. 
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Three different sized models of the acetabular cup portion 
of the prosthesis may be interchangeably attached to the 
bottom of the application rod by a screw fitting.  Simula- 
tion of the motion of the cup into the acetabulum is thus 
possible.  Alteration of the downward force on the 
applicator rod-cup combination, simulating, various 
pressures which might be exerted in the actual operation, 
is accomplished by adding weights to the top of the 
applicator rod. 
A dial indicator gage, using the lower bearing platform 
as a fixed  reference, measures movement of the applicator 
rod. 
Figure 9 gives the dimensions of the three acetabular 
cups used in the model and depicts an actual prosthetic cup 
of comparable size.  All three model cups were turned to 
their hemispherical shapes from blocks of RCH 1000 ultra 
high molecular weight polyethylene as is at least one 
commerical prosthetic cup .  Three differences exist between 
the actual cup design and that used in the in-vitro model. 
In order to facilitate removal of the cement specimen after 
a test, the model cup was made without grooves on the outer 
surface which serve to fix the cup in cement.  A second 
difference concerns the geometry of the applicator fitting. 
Tledi-Tech now affiliated with How Medica, Rutherford, New 
Jersey. 
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In the model, a thread on the end of the drill rod 1.91 cm 
(3/4 inch) in diameter extending 1.27 cm. (1/2 inch) into 
the model socket replaces the hemispherical (typically 
1.5 cm. radius) head of the actual applicator appliance. 
The third difference is that the cups used in this ex- 
periment were not first subjected to cobalt irradiation 
as are the actual prosthetic cups as part of standard 
sterilization procedure. 
All four thermocouples were multiplexed to two. 
Hewlett-Packard Model 7035B XY plotters with a 17108A 
time based attachment  through two hand actuated thermo- 
couple switches .  An ice bath thermocouple reference was 
used. 
Alignment of the apparatus was periodically checked. 
An acceptable alignment required the top of the acetabular 
cup and shell to be concentric to within 0.013 mm.  In 
addition, the lip of the shell at any point was nominally 
within 0.105 mm. of the top plane of the cup to assure 
collinearity of the center lines of both components.  These 
specifications, although stringent, assured that the 
pressure  distribution, flow properties and sample cross 
section would be uniform around the cup and be the same 
throughout the entire sequence of runs.  The apparatus shown 
in FigurelO allows a rapid series of viscosity tests to be 
performed on the curing cement.  As the needle of the de- 
vice penetrates the cement mass, its motion is impeded by 
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by a force which is related to the viscosity of the polymer 
at the instant considered and to the depth of penetration 
of the needle.  A parallelogram linkage assures a nearby 
vertical motion of the needle, and the weight of this 
linkage, adjusted by a counter weight, provides a constant 
driving force to the needle.  A "U" shaped, flat bottomed 
trip foot positioned around the needle rests atop the 
cement mass as the needle penetrates downward.  When 
penetration has reached a predetermined depth, a micro 
switch is engaged by the foot,thereby starting a timer. 
After an additional fixed amount of needle travel into the 
cement, a second micro switch is tripped, stopping the 
timer which displays the elapsed time needed to traverse 
the test distance between switch points.  It  should be 
noted that the apparatus described does not quantify 
viscosity in units poise, but measures the time duration 
of a defined process (as does the Saybolt test).  Its 
function was to be that of a "ready" test for the cement. 
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EXPERIMENTAL PROCEDURE 
PMMA bone cement is commercially distributed as 40g. 
sealed packets of powder with companion 20ml. glass 
ampules of liquid monomer.  In the experiments conducted 
for the present investigation, the powder was divided 
before an experiment into two 20g. quantities which were 
stored in Petri dish halves sealed with an airtight 
plastic covering.  The liquid monomer, all utensils used, 
and the powder were allowed to sit for at least one hour 
at room temperature.  With temperature equilibrium thus 
assured, the 20ml. glass ampule was broken open and the 
entire contents poured into a glass syringe which 
was then purged of air bubbles and capped.  Twenty grams 
of powder (the contents of one Petri dish half) was 
emptied into a stainless steel mixing bowl after which 
the Petri dish was lightly tapped.  No other effort was 
made to remove the O.Olg.of powder which typically clung 
to the dish.  It was felt that negligible cross batch 
contamination of powder resulted from this practice. 
Ten ml. of monomer, measured according to the markings 
on the syringe, was added at one time to the powder, 
with the time of first contact of the liquid with the 
powder being noted as the "starting time" of the experi- 
ment.  Within seconds of the completion of introduction 
of the monomer, stirring began at a rate of two strokes 
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per second using a flat stainless steel spoon blank. 
While stirring was taking place, the mixing bowl was hand- 
held and therefore warmed slightly.  The first pause in 
stirring to test for this non-stick condition generally 
occurred at 300 total strokes.  Table 4 includes the 
total number of strokes applied for each experimental run. 
Although the exact procedure for mixing cement 
varies according to a surgeon's preference, for example, 
the monomer may be poured directly from the ampule or 
from a syringe, it is felt that the procedure used in 
these experiments is representative of operative practice. 
After mixing has been completed, the cement mass is 
of a doughy consistency and appears to have an outer skin 
with a wrinkled appearance.  Heat from the polymerization 
reaction is not yet detectable. 
The cement is gathered up and gently kneaded with 
care exercised to avoid "folding-in" of the mass on itself. 
It was felt, but not demonstrated that such a folding 
manipulation would result in the entrapment of air into 
the cement. 
Since cement viscosity must be duplicated for each 
experiment as a basis for meaningful variation of thickness 
and pressure, and since, as will be shown, elapsed time 
cannot adequately monitor the state of the cement, the 
following test was included in the experimental procedure. 
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The dough, after about one half minute of kneading, 
was formed into a flat-topped cylindrical shape 2.5 cm. 
high and placed beneath the foot and needle of the vis- 
cometer, Figure 10   (The viscometer mechanism is des- 
cribed in the "apparatus" section).  The viscometer needle 
is slowly lowered into the cement mass and released 
when the trip foot makes contact with the cement.  At 
the conclusion of a particular test run, the needle arm 
is raised, elapsed time noted, and the timer reset.  Test- 
ing is repeated until a target elapsed time of 3.5 seconds 
is achieved.  Between viscometer tests, the needle is 
changed to avoid buildup of cement.  After an experimen- 
tal run, all utensils, including viscometer needles are 
freed of residual bone cement and cleaned with alcohol. 
When the target viscosity has been reached, the 
cement mass is immediately placed in the acetabular shell 
and positioned so that any needle marks do not coincide 
with the thermocouple location. 
The weighted socket is lowered into the cement mass 
and output from the four thermocouples is recorded on 
two "x-y" plotters by switching back and forth between 
thermocouple pairs every 2 to 5 seconds. 
Thermocouples 1, 2 and 3, initially calibrated 
at ice and steam points are compared with thermocouple 4 
(at bath temperature) in between runs.  Equilibrium was 
considered regained when the inside of the shell, exposed 
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to air, maintained a steady temperature about l°c lower 
than the bath. 
An extrusion test was performed in which cements 
of three different viscosities were forced into various 
sized sets of holes drilled into an ultra high density 
polyethylene shell identical in size and shape to that 
shell used in the temperature history experiments.  The 
shell was kept at 37°c, but no water came in contact 
with it.  A medium size socket and 5kg weight were used 
for all three tests.  Measurements of cement infusion 
were made from the outside of the shell using a micro- 
meter with probes of known lengths. 
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RESULTS AND OBSERVATIONS 
Preparation of Cement 
Ambient temperature of the laboratory was held at 
21.9°c + lc° for all tests; relative humidity, as shown 
in table 4,varied between 39 and 78% with a mean of 60%. 
The acetabular shell, suspended in the 37°c bath water 
yet exposed to ambient air probably had some condensation 
on its walls. 
A by-batch difference in the preparatory qualities 
of the monomer and powder was observed.  Complete wetting 
of the powder by the monomer usually occurred during the 
first 39 to 46 stirring strokes.  A difference in the 
number of strokes in this range can be attributed to 
stirring technique or to a slightly varied way of intro- 
ducing monomer into the powder.  However, the batch 
labeled "043IF" for the powder and "819HF" for the 
monomer, used in runs 35, 36 and 37 and the infusion runs, 
11 Some discussion related to the packaging of the mono- 
mer is in order.  Glass debris from the neck of the 
ampule was found on three occasions in the measuring 
syringe, ranging in size up to 7mm.  The likelihood 
of damage from glass fully embedded in the cement is 
small, however, if any were to enter the articulating 
joint, greatly accelerated wear would result. 
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did not fully wet until more than 80 stirring strokes, 
after which the cement remained uncommonly thick and 
1 2 doughy.   After additional stirring, the cement from 
this batch became very   fluid.  It would not "set-up" 
and continued to adhere to a gloved finger for signifi- 
cantly more than the average number of stirring strokes 
had been completed.  Runs such as 5 or 6 using equally 
old cement did not behave in this way. 
Runs 16 and 17 were prepared differently in that 
Run 16  had a 15% excess volume of monomer (11.5ml. in 
20g. powder) and Run 17 lacked the same amount of monomer. 
The wetting of Run 16 required 490 stirring strokes, 
with only 270 for Runs 17, compared with an average 
of 340 for all runs. 
During the stirring process, a skin appears on the 
polymerizing cement mass which Charnley [8] has attri- 
buted to evaporation of monomer from the^cement surface. 
Run 15-a, in which the cement mass was exposed to a 
vacuum environment intermittently during the stirring 
process, supports this idea because a nearby instantaneous 
formation of skin occurred when vacuum was applied. 
12 The bone cement used in these experiments was often well 
past the listed expiration date, so an age-related effect 
such as degradation of the initiator may be responsible 
for the observed behavior.  Fresh cement, as used in 
operative would probably not be succeptible to  these 
changes if properly stored and handled. 
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During a normal mixing procedure, the skin first 
appears on bits of cement paste stuck to the mixing 
bowl walls.  After stirring is completed and the mixing 
bowl is scraped to gather up the cement, these cement 
flakes are often included in the mass and may remain 
as separate inclusions. 
Shortly after wetting has taken place, the action 
of stirring seems to mix air bubbles into the cement 
slurry.  Even when the cement is in a liquid state, very 
little migration to the surface or escape of these bubbles 
can be seen during pauses in the stirring.  As viscosity 
increases, clear evidence of air entrapment is shown 
if the cement mass is troweled smooth with the stirring 
implement.  Bubbles near the surface will audibly snap 
in the wake of the spatula.  The forced release of 
bubbles in this way implies that many air pockets remain 
trapped within the mass (see forthcoming section on 
"Voids"). 
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Characteristic Times 13 
Dough Time: 
The only experimental condition having a clear effect 
on dough time is that of the age of cement.  The oldest 
cement used, 52 months past the listed expiration date, 
had its average dough time occurring 2.5 minutes sooner 
than the younger cement, which was 14 months past expira- 
1 4 tion.   Cements with age in between these extremes 
conformed to this trend. 
Other effects of smaller magnitude and without 
statistical confirmation include a longer dough time 
when the applied loads were light and when the small cup 
size was used.  A significantly shorter dough time was 
observed on the one occurrence when less monomer was 
used. 
The onset of dough time occurs at the stage 
of the experiment when extrusion is largely completed. 
Working Time: 
Variation in the working time could not be attributed 
to differences in the age of cement, viscosity, load, 
thickness, T   or cup size with the available data, 
max     ^ 
13 
14 
Table 5 lists all characteristic times. 
It is stressed that all cement used in these experiments 
was past expiration and would not be used in surgery. 
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Maximum Temperature Time: 
Maximum temperature occurred sooner for the older 
cements.  This is largely a reflection of the age effect 
on dough time.  Since old cement reached dough time 
sooner, meaning the polymerization reaction was underway 
sooner, it follows that the essential completion of the 
reaction near T   would also occur sooner. 
max 
The time duration of this rapid rise to maximum 
temperature (T  time-dough time) was about 80 seconds r
       
N
 max       3 
for the low temperature (below 54°c) runs at all thermo- 
couple locations, generally with a 40 second working 
time.  The high temperature runs reached T   from the 
beginning of rapid polymerization in only 20 seconds. 
Decay Time: 
Defined as the time required for the cement to cool 
from Tm,„ to T  /2, was approximately 140 sec. for all max    max       rr       J 
runs.  The conductive cooling taking place during this 
time, is temperature difference dependent, so high tem- 
perature runs will have a larger heat flow to the body 
temperature heat sink. 
Time of Expansion: 
After extrusion was completed, the acetabular cup 
sometimes rose back out of the shell from 0 to .15mm. 
as if the cement were expanding.  The time of this phen- 
omenon varied widely, from 40 seconds before T   time 
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to more than 60 seconds after with no apparent correlation 
with any other experimental variable. 
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Thermal Model 
The choice of a hemispherical shell of constant 
thickness to model the acetabulum gains support from 
the small observed surface temperature rise outside the 
shell.  Even though the hip thickness does vary radially 
at different locations  on the acetabulum as shown in 
Figure 1, little change in the heat transfer behavior 
would be expected for a thicker section.  Where the hip 
is thinner, the viscera behind the hip would have a 
thermal diffusivity not much different from that of the 
polyethylene shell, resulting in the same basic behavior 
in each case. 
If equation (1) describing the internal time-tempera- 
ture response to a thermal wave impressed on a flat, 
bone-like surface is applicable as a first order approxi- 
mation of the heat transfer process occurring in the 
acetabulum, one can, by approximating a thermal wave 
observed in these experiments as a sine wave, make an 
estimation of the temperature behavior inside the bone. 
Run 25, for example, which reached a maximum temperature 
of 56° (at thermocouple 3) can be approximated by the 
first IT/2  radians of a sine wave with a period of 80 
seconds, amplitude of 56°c and mean temperature of 
37°c.  The temperature wave 0.3cm below the conducting 
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medium (bone or model shell) surface reaches a maximum 
of 42.7°c twenty seconds after T   of the surface wave. 
The 0.3cm. depth used in this example was chosen to match 
the thickness of "fibrocartilage" which Charnley [8] has 
observed surrounding the cement mass.  It is possible 
that the presence of this type of tissue can be correlated 
with thermal necrosis.  If so, then with knowledge of the 
cement profile and fibrocartilage thickness in a failed 
prosthesis one can, with the above type of analysis, 
determine the temperature-time history responsible for 
the formation of this weak connective tissue. 
This coarse thermal model also shows the importance 
of choosing the proper material to carry heat away from 
the polymerizing cement.  The properties of PMMA have been 
1 fi 
studied as reaction takes place in containers  made of: 
aluminum, a = 0.5 - 0.8 (Manley [48]); steel,a = .06-.125 
(Haas [15]); brass, a = 0.337 (Bayne et.al [11]); glass, 
a = 0.002 - 0.009 and Pyrex, a = 0.007 (DiPisa [49]); 
Teflon, a  =   0.0011 (Meyer et. al.[50] and ASTM proposed 
specification for bone cement); wood (Amstutz [10]); 
foil-lined gypsum molds (Kusy & Turner [51]); and water, 
a = 0.00145 (Homsy [52]). 
1 5 A check of the accuracy of this procedure was made using a 
commercially available numerical technique. Temperatures 
experimentally observed each 12 sec. were linearly inter- 
plated to approximate the input wave.  The results show a 
maximum temperature of 39.0°c occurring 0.3cm internally. 
l^Diffusivities given in cm2/sec. 
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As can be seen, the diffusivity values span two orders 
of magnitude with the only values comparable to bone 
being Teflon and glass.  When the values of diffusivity 
of these two materials are used in the previous analysis, 
the result differs by only 1 to 2°c whereas if aluminum 
were used it would account for a difference of ll.lc° 
The differences in thermal properties of healthy 
as opposed to diseased bone due to abnormal composition 
or structure would have a negligible effect on the flow 
of heat and temperature history of the bone.  Tests 
using the standard undercut orthopaedic sockets show 
the same behavior as the smooth ones used in these 
tests.  This is apparently due to the small amount of 
extra cement which fills the undercuts and the poor 
thermal communication between the inside and outside 
of the PMMA mass. 
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Temperature 
The shape of the time-temperature plots were of two 
basic forms, depending on the maximum temperature reached 
during the experiment.  The two types are drawn superim- 
posed for comparison in Figure 12.  Those plots exhibiting 
the lower maximum termperatures - T   typically below 54°c, r
 max 
showed a gradual rise in temperature which reached a 
maximum rate of increase at about the setting time. 
Temperature continued to increase thereafter at a diminish- 
ing rate until T  „ was reached.  Cooling began immediately 3 max 33 J 
after peak temperature, usually reaching a steady rate of 
decline after an initial period of rapid cooling. 
For the runs with T   about 54°c, the temperature 
max r 
behavior is characterized by a very   fast initial rise 
followed by a sharp peak T av followed by rapid decay. max 
The outside temperature of the acetabular shell 
slowly climbed to a maximum of 40°c during the polymeriza- 
tion of cement in each run. 
Figure 13 shows the linear relationship between T 3 r
        max 
and the local section thickness of bone cement.  Figure 
14 gives a least squares fit of this data for each of the 
three interior thermocouple locations.  The standard de- 
viation of the slop  and of the T   intercept of the 
max 
least squares fit of any of these three plots encompasses 
both adjacent plots, so speculation about relationships 
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between these curves without statistical support.  One 
reason for the larger slope of the plot for Thermocouple 1 
is clear however.  On the occasions when the combination of 
load, socket geometry and viscosity resulted in a cement 
thickness at the bottom (Thermocouple 1 location) to be 
less than 1mm., the time-temperature graph for this location 
did not show a clearly defined dough time, maximum tempera- 
ture or decay time, rather, a monotonic increase in temper- 
ature occurred until equilibrium with adjacent Thermocouple 
2 was reached.  The amount of heat liberated by the thin 
layer of cement at the bottom was not enough to raise the 
temperature of the shell mass appreciably.  The gradual 
heating shown by Thermocouple 1 is probably due to heat 
conduction through the cement and shell from the larger 
cement volumes above.  Runs exhibiting this behavior account 
for the cluster of points near the origin in Figure 13. 
These points effectively bias the curve fit for Thermo- 
couple 1, resulting in a greater slope and lower T 
max 
intercept.  A curve fit for the Thermocouple 1 data from 
which these points have been deleted is shown by the 
hatched line in Figure 14. 
No discernible relation between T   and either 
max 
viscosity or the load applied to the acetabular cup or 
the manufacturing date could be found. 
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The highest temperatures measured internally in 
the thickest cement section approached the vaporization 
temperature of the monomer (101°c), but for thinner 
sections a substantially lower value was observed.  The 
location chosen for the internal measurement was about 
lcm. below the lip of the cup.  Central positioning 
through the thickness was attempted, but only roughly 
produced since the guide hole for the inserted thermocouple 
was made by hand. 
As the loaded acetabular cup first descends into 
the cement in the shell and extrusion begins, the outside 
of the cement warms to about 34°c due to contact with 
the 36°c shell.  The interior of the cement remains at 
about 22°c until the rapid exothermic reaction begins. 
The rate of  temperature rise in the interior, 
initially equal to that at the surface, soon increases 
until at the end of temperature increase, Tmav of the max 
interior exceeds T   measured at the surface by as much 
as 45c°. 
Immediately after this peak, the interior temper- 
ature rapidly falls.  It appears that PMMA with its \/ery 
low thermal conductivity does not allow the heat to 
flow readily from the interior, hence the rapid temper- 
ature rise.  The low value of heat capacity does not 
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store much energy, so that when the reaction is finished, 
the store of thermal energy is rapidly depleted and the 
temperature falls without raising surface temperature 
greatly. 
A seeming anomoly occurred when the interior 
thermocouple was positioned near the cup (the inside 
surface).  A higher temperature was registered than 
that measured near the shell (the outside surface). 
More heat transfer would have been expected through the 
ultra-high density polyethylene cup with a diffusivity 
almost 1 1/2 times that of the low density polyethylene 
shell. 
A fairly recent trend in bone cement work is the 
conlusion of a filler to act as a heat sink.  The benefit 
of this procedure relies on the magnitude of the increase 
in heat capacity compared with the associated change in 
thermal conductivity.  A net increase in surface tempera- 
ture is possible for a low conductivity-high capacity 
combi nation. 
Recent work by DiPisa [48] has indicated that pre- 
cooling of the acetabular component may be effective in 
limiting the maximum temperature reached at the interface 
without a large increase in the time required to complete 
the polymerization. 
17 These results have been recently confirmed by numerical 
procedures. 
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Thermal Necrosis 
The estimation of tissue damage which may result 
from exposure to the type of thermal insult found to 
occur during the total hip replacement operation is 
subject to several approximations. 
First, the information available on damage thresholds 
does not apply directly to cancellous bone.  Lundskog's 
[20] study applies to cortical bone and utilizes temperatures 
higher than those encountered in this model. 
The time-temperature relationship shown in Figure 3, 
given by Henriques and Moritz [21] was derived for porcine 
epidermi s. 
Second, in the above studies a constant temperature 
was applied to the tissue for various lengths of time.  The 
temperature at the cement-bone interface, however is 
continually changing during the hip operation. 
Unfortunately, these two studies provide the only 
available time-temperature damage ralationships.  Henriques 
and Moritz's data, given in Figure 3 was chosen as the 
indication for a first estimate of the presence or 
absence of possible tissue damage around the polymerizing 
bone cement. 
The time-temperature behavior described in Figure 3 
is reminiscent of a chemical reaction proceeding at a 
temperature dependent rate.  The actual mechanism of 
tissue damage may be a protein breakdown reaction, an 
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accumulation of wastes or toxins, or a combination of 
both effects.  One may note that the 56°c "coagulation 
temperature" of protein, used by some as a damage thres- 
hold, is relatively simplistic.  Lundskog has observed 
that temperatures as low as 40°c applied for long periods 
of time will cause damage. 
It is proposed that tissue damage from thermal ex- 
posure may be described by a cumulative damage law.  If 
the exposure time necessary for irreversible damage is 
known at a particular temperature, then exposure to 
this temperature for a fraction of the time, while not 
enough to kill a tissue, will damage it (alternately: 
kill a number of the tissue's cells) to that same fractional 
percent of total allowable injury. 
It is recognized that this scheme does not allow 
for the possibility of temperature interaction effects 
from, for instance, the application of a "high block, low 
block" sequence of temperatures, but refinements such 
as this await a more precise determination of damage 
threshold than those now available. 
The experimental time-temperature data was divided 
into constant temperature blocks.  The first such block 
was fit beneath the curve to lc° below T   , and the time 
max 
duration at this temperature noted.  The same procedure 
was applied at lc° lower temperature increments to fill 
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in blocks adjacent to this central one.  Usually, only 
one or two applications of this division process was 
necessary since the proportional effect of small durations 
of lower temperatures diminished yery  quickly, as can 
be seen from the logarithmic time scale of Figure 3. 
It was found that sixteen of the thirty-five runs 
considered had a time-temperature integral which exceeded 
the full damage requirement.  In most of these cases, 
the local cement was in excess of 5mm. and in most of 
the "safe" runs, local section thickness was below 5mm. 
The large contribution to damage of the temperature 
near T   and rapid decrease in the effect of lower 
temperatures indicates that if bone does respond to high 
temperatures in a way similar to Figure 3, an  increase 
in the local thickness of cement past 5mm would be 
expected to result in rapidly increasing amounts of 
tissue damage. 
It remains to specifically investigate the time- 
temperature threshold behavior of cancellous bone and to 
determine the relationship between the extent of tissue 
damage and joint strength. 
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Viscosi ty 
Elapsed time from the beginning of insertion of the 
monomer was found to have little correlation with the 
instantaneous value of viscosity as measured by the vis- 
cometer.  Needle penetration time reached the "target" 
value of 3.5 seconds in as little as 4 minutes, 23 seconds 
during Run 10 to over 7.5 minutes for Run 23.  Inaccuracies 
in the viscometer would contribute minimally to any time 
difference.  The viscometer was sensitive enough to trace 
the increase in viscosity when hand-warmed modeling clay 
was tested as it cooled to room temperature. 
Since both the ambient conditions and the mechanics 
of the mixing process were rigidly duplicated during 
each run, a variability in the reactivity of some com- 
ponent of the cement is suspected as being the cause 
of the observed time spread. 
Run 16, mixed with an excess of monomer, reached 
standard (3.5 second) viscosity in 5 minutes, 40 seconds 
which is within the range for all runs that used the 
proper ratio of liquid and powder.  Run 17, with propor- 
tionately less monomer, required only 3.5 minutes to 
attain the "target" viscosity.  For the case with extra 
monomer, the excess would be  lost through evaporation 
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and would not affect the reaction rate.  When too little 
monomer was added, however, the balance between initiation 
and termination reactions would be altered, and by virtue 
of a higher initial viscosity, might speed the onset of 
autoaccelerati on. 
This autoacceleration or non-linear increase in 
reaction rate is common to many acrylic polymerization 
reactions.  Flory [52] states that it may begin for PMMA 
when as little as 25% of the monomer has been converted 
to polymer.  Autoacceleration results when the diffusion- 
controlled termination reaction rate slows as viscosity 
increases; while the chain elongation reaction, "supplied" 
by the small, mobile monomer molecules continues at an 
undiminished rate.  The shift in these opposing reaction 
rates results in a spectacular increase in overall con- 
version rate. 
The process continues until a glassy state is reached 
in which even the remaining monomer molecules become 
trapped. 
This autoacceleration phenomenon, manifest as an 
increase in the rate of change of viscosity, occurred 
in these experiments when a needle prob time of 2.4 to 2.6 
seconds was reached.  The cement usually required an 
additional curing time of about 30 seconds past this point 
to achieve the target viscosity of 3. 5 seconds. 
-52- 
On three or four occasions, the viscometer needle des- 
cended for a short time through the cement mass at a 
rate much faster than expected, as if a void or fault or 
soft spot were encountered which offered less resistance 
to penetration.  A repeat test at another location each 
time exhibited the normally expected rate of descent. 
In addition, it was noticed during Run 32 that while 
part of the cement which protrudes from the shell and 
socket would be too hard to permit needle penetration, 
at another location the exposed cement would still be 
soft and rubbery.  These observations indicate that the 
cement must not be regarded as a uniform mass, but is 
actually filled with voids and composed of "zones" of 
more or less completely polymerized cement. 
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Local Thickness-Load-Pressure-Viscosity Interaction 
To predict or determine local pressure in the cement 
during these experiments would require knowledge of the 
history of the deformation rate and of the instantaneous 
local viscosity, the surface characteristics and the shape 
of the cement cavity as a function of bottom thickness and 
location (see Figure 15),and would result in an extremely 
complex viscoelastic analysis beyond the scope of the pre- 
sent study.  Some idea of local pressure is gained by the 
different depths to which cement under loading of the 
acetabular cup could penetrate into holes drilled through 
the shell at various locations.  This interpretation is 
limited since at a given time there appears to be a 
range of viscosities throughout the mass of cement which 
would variously enhance or hinder flow into holes.  In 
addition, cement must first flow to the level of the 
upper holes before infusion begins, whereas flow starts 
immediately into the bottom holes.  Pressure is there- 
fore varied implicitly and given an operational definition 
in a way meaningful to the surgeon; by the load he applies, 
the size of the reamed acetabulum compared with the cup, 
and the cement viscosity at the time of insertion. 
High viscosity tended to support the cup, as expected, 
but due to the effort to keep viscosity constant from test- 
to-test, this effect cannot be quantified. 
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Thickness measurements made on the removed and cut 
samples were responsible for the greatest inaccuracy since 
some judgment was required where a thermocouple or silicone 
adhesive made an indentation in the cement. 
Tests were performed for each of the three possible 
socket-shell geometry combination at successively 
higher applied weight until bottoming of the cup occurred, 
after which no higher weights were used for the particular 
cup size. 
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Infusion and Strength of Bond 
The infusion tests, Runs 38, 39 and 40 were run 
using a 5kg. load on a medium-sized cup to determine 
how readily cement would flow into holes of different 
diameter at three locations on the shell, illustrated 
in Figure 16, and how viscosity affected that flow. 
The results are shown in Figure 17, 18 and 19. 
As expected, the least viscous cement flowed into 
all holes at all locations more readily than the more 
viscous cements.  However, not much difference existed 
between the behavior of the "standard" 3.5 second visco- 
meter probe time sample and the very   stiff 16 second 
probe time sample especially at the upper hole levels 
labeled "A" and "B". 
The estimated accuracy for the measurement of in- 
fusion depth was 0.3mm., determined by a comparison of 
the value obtained by use of a measurement probe with 
a direct measurement of those samples surviving removal. 
This level of accuracy lends credence to the observation 
that a small hole (usually 1.588mm.) actually experienced 
greater infusion than its neighbors of larger diameter. 
Local differences in viscosity are offered as a possible 
explanation for this behavior. 
A word about the cement's ability to conform.  On 
each specimen removed, even the most viscous cement 
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allowed flow into the tiny machining marks remaining 
on the surface.  This was encouraging from the standpoint 
of fixation to the acetabular cup, but experimentally 
proved to be very   inconvenient, necessitating the com- 
plete dismantling and recalibration of the apparatus. 
Further incidence of sticking was eliminated when a very 
light coat, not discernible by touch, of a non-stick, 
high temperature vegetable oil product was applied about 
once every   10 runs.  An exception to this was the series 
of runs between 27 and 32 inclusive (using monomer 815FH 
and powder 040EH) which stuck tenaciously to the shell 
despite numerous applications of lubricant. 
The anchoring strength of the three 3.2mm. holes 
was demonstrated during the removal of that sample. 
Repeated hammering of the shell was expected to shear off 
the relatively small columns of cement, instead a 2 l/2cm 
piece broke loose from the side of the sample and remained 
with the shell.  This piece had to be chiseled loose. 
Although these small anchoring plugs proved remarkably 
effective in-vitro; the operative situation presents a 
greater challenge to infusion and anchoring.  The number 
of spaces, lubricity, absence of back pressure, and size 
of the holes in the model all favor infusion when compared 
with the in-vivo situation. 
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Despite these differences, it does seam that non- 
viscous infusion, especially with the aid of a device as 
described by Lee & Ling [12] to constrain flow from the 
top, might be advantageous.  Several benefits accrue: 
Flow is improved regardless of resistance to that flow from 
back pressure, etc.; overall pressure is less for the 
same amount of flow which is especially important for 
patients in whom the bone stock is weak and thin to prevent 
breakthrough and possibl esciatic nerve entrapment (See 
Casagrande & Danahy [54]). 
Disadvantages of using a less viscous cement at 
the time of insertion are that the fit of the cup into 
the reamed-out bone must be tight to create pressure for 
infusion (a constraint device on top may help in this 
respect), and the dangers of hypotension are greater due 
to the larger amounts of monomer which will enter the 
body. 
Low viscosity cement (or over large acetabulum 
or high application pressure) may allow the cup to make 
contact with the bone.  If this occurs, no further pressure 
can be generated by increased load. Instead, pressure 
will relax as the viscoelastic cement continues to flow. 
Pressure generated at the bottom of the acetabulum 
is largest in all cases, but the firm anchoring to the 
bone as a result of the good infusion there is to  little 
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advantage if the cement shell between cup and bone is 
paper thin.  The surgeon should, therefore, attempt to 
control conditions so that no less than 1 or 2mm. remain 
at the bottom. 
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Voids 
It is generally recognized that cured PMMA bone cement 
will contain a large number of voids,  Many researchers 
[1,4,11,15,18] assume that the volatile monomer, when 
subjected to the heat of polymerization will vaporize, 
thereby creating bubbles.  Others speculate that at 
least some of the observed voids are introduced during 
the mixing process. 
Attention is now being given to problems which may 
be aggravated by the presence of these voids.  One such 
problem occurs when bone cement cures around a material 
of high elastic modulus as occurs when cement is packed 
around the femoral component.  Cannon [55] has suggested 
that residual stresses in the cement which arise when 
the polymerizing acrylic shrinks around this unyielding 
core, when combined with stresses imposed by motion will 
accelerate fatigue failure. 
Specimens sampled from among the runs were cut 
in half along the line of the thermocouples, polished 
and examined, revealing that the distribution of 
voids was similar in each case. 
Elongated voids appeared most frequently near the 
surfaces of the cement, seldom communicating through that 
surface, but often separated by only a very  thin layer 
of cement.  These bubbles were aligned so that their long 
axes followed the streamlines of the flowing cement; 
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especially apparent around the indentations of the 
standard orthopaedic cups.  The size of these holes ranged 
up to 1mm. long.  Bubbles of large size at the center 
of the cement mass were less eccentric than those near 
the surface.  Both types of large void occurred most 
frequently in the thicker upper portion of the specimen. 
Small (0.02 to about 0.14mm. in diameter) circular 
holes were uniformly distributed throughout the sample 
except at the thinnest bottom section where pressure 
apparently was high enough to suppress their formation. 
An estimation of the percent porosity was made by 
observing the area percent of voids contained in a measured 
1 8 
microscope field.    In target fields of 1mm. diameter 
near thermocouple 3, the void area ranged from 1 to 17%. 
While the presence of this total fraction of voids raises 
question as to the structural integrity of the cement as 
it is now prepared, it may prove to be the maximum size 
of these embedded flaws that is of most concern.  Observa- 
tion of actual removed prostheses shows the presence of 
surface flaws much larger than this, which appear to have 
arisen by the folding of cement during kneading-a practice 
1 o 
After the practice in metallography where area and volume 
void fractions  are taken as equal. The method as des- 
cribed will at best approximate the actual void size from 
the observed hole profile. 
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scrupulously avoided during these tests.  Research is 
now in progress which will help clarify the effect of these 
flaws on the performance of cement under load. 
An additional experiment was undertaken to determine 
the source of these voids.  As previously mentioned, some 
voids appeared elongated and oriented along the streamlines 
of the flowing cement.  Others remained circular in cross 
section and were confirmed to be spherical when viewed 
intact in the clear older cements. 
Since the shape of these voids, apparently affected 
by the flow of cement, was fixed at some point during 
the curing process, it follows that the time of first 
occurrence of the elongated voids could be found by sub- 
jecting parts of one batch of cement to distortion at 
different times during the curing process. 
Several extrusion molds, shown in Figure 20, were 
drilled in a block of polyethylene.  A sample of cement 
was prepared in the usual way except that at 50 second 
intervals a small amount of cement was removed from the 
mass and forced through one of the extrusion molds.  It 
was found that from the yery   first of these extrusions 
(which required no applied force, but flowed through the 
mold by gravity) voids appeared in the characteristic 
streamline shape.  Since the deformation occurred before 
any heat was liberated, it is most probable that stirred- 
in air accounts for the large, deformed voids. 
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Another explanation is that polymer molecules are 
induced to line up by the flow of cement and that the 
resulting anisotropy allows internal pressure or uneven 
shrinkage to separate the polymer in a direction per- 
pendicular to the orientation axis.  This is an unlikely 
mechanism because of the small percentage conversion of 
monomer to polymer at the time of appearance of the first 
voids. 
The smaller circularly-shaped holes were not affected 
by this deformation test and, therefore, it is not known 
when they appear.  It is possible that they are entrained 
when the cement is still very   fluid and incapable of con- 
taining large bubbles during stirring; only later can the 
more viscous cement entrap larger voids.  This argument 
requires the small bubbles be undeformed by the degree 
of distortion or able to recover their spherical shape 
after distortion. 
Measurements of the temperature in the bulk of the 
cement mass during the curing process in the in-vitro 
apparatus show that temperature is not the direct cause 
of voids creation.  Although measurements near the 101°c 
vaporization point of the monomer were  recorded the 
thickest sections, bubbles also appeared in samples with 
a maximum internal temperature of only 52 to 81°c. 
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Although a qualitative study was not performed, it was 
felt that these voids did not correlate with the gross ex- 
pansion seen in some samples.  A possible alternative ex- 
planation is that shrinkage or deformation of the cement 
mass cuases a separation away from the shell, resulting 
in the net upward motion observed at the applicator rod. 
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SUGGESTIONS FOR FUTURE RESEARCH 
During the course of this investigation, several 
additional topics of useful inquiry were indicated,  as 
summarized below. 
The strength and fatigue resistance of bone 
cement is of immediate concern because prosthesis failures 
attributable to cracked cement have occurred.  It is 
important to try to duplicate in-vivo conditions in the 
fabrication of compact tension test specimens and tensile 
bars to be used in strength and fatigue tests so that 
the molecular weight, chain length and other pertinent 
characteristics of the cement will match those of cement 
used in the body.  The current study indicates that low 
density polyethylene held at body temperature would be 
a suitable mold material for test specimens. 
During the curing of bone cement, the beads of polymer 
in the powder portion are "welded" together by the growing 
PMMA molecules to form a uniform two-phase solid.  The 
presence of a "skin" observed on the outside of the cement 
mass during kneading may prevent this welding together 
if folding takes place during manipulation of the cement. 
The following experiment is suggested to investigate 
the effect of folding the polymerizing mass on the tensile 
strength of the cured cement. 
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A batch of cement is prepared in the usual way. 
At various times during the curing process, two small 
quantities are separated from the main cement mass.  One 
is placed in the bottom of a polyethylene cylinder (at 
body temperature) and, after a pause, the second quantity 
is put in the cylinder on top of the first.  A piston 
then pushes the two quantities together with a known 
pressure.  After polymerization is complete, the resulting 
bar is subjected to a standard tensile test.  The results 
of a series of these tests,using cement separated from 
the main mass at different times during the cure, would 
establish the effect of folding the cement during kneading 
As mentioned in the "Observations", the appearance of 
voids in the cement probably results from the introduction 
of air during the mixing process.  A method is now being 
investigated which minimizes air inclusion yet permits 
excess monomer to escape.  Hopefully, the voids will be 
eliminated without any change in cement formulation, re- 
action mechanism, monomer level in the body or surgical 
procedure. 
A series of experiments similar to the infusion 
tests performed in this investigation, including the 
effects of back pressure, trabecular spacing and surface 
properties, could determine optimum cement viscosity at 
the time of insertion, the best application pressure, 
and whether containment or pressurizing devices offer any 
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advantages for improved penetration of cement and 
strength of bond. 
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THE  HUMAN HIP JOINT   WITH   TRUE 
CROSS SECTION   THROUGHACETABULUM 
FIGURE    I 
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